Abstract Public concerns related to the fast-growing shale oil and gas industry have increased during recent years. The major concern regarding shale gas production is the potential of fracturing fluids being injected into the well or produced fluids flowing out of the well to contaminate drinking water resources such as surface water and groundwater. Fracturing fluids contain high total dissolved solids (TDS); thus, changes in TDS concentrations in groundwater might indicate influences of fracturing fluids. An increase of methane concentrations in groundwater could also potentially be due to hydraulic fracturing activities. To understand the possible contamination of groundwater by fracturing activities, real-time groundwater monitoring is being implemented in the Denver-Julesburg basin of northeast Colorado. A strategy of monitoring of surrogate parameters was chosen instead of measuring potential contaminants directly, an approach that is not cost effective or operationally practical. Contaminant surrogates of TDS and dissolved methane were proposed in this study, and were tested for correlation and data distribution with laboratory experiments. Correlations between TDS and electrical conductivity (EC), and between methane contamination and oxidation-reduction potential (ORP) were strong at low concentrations of contaminants (1 mg/L TDS and 0.3 mg/L CH 4 ). Dissolved oxygen (DO) was only an effective surrogate at higher methane concentrations (C2.5 mg/L). The results indicated that EC and ORP are effective surrogates for detecting concentration changes of TDS and methane, respectively, and that a strategy of monitoring for easy to measure parameters can be effective detecting real-time, anomalous behavior relative to a predetermined baseline.
Introduction
Natural gas has rapidly developed in recent years as an emerging and renewable clean energy source that can replace coal. Since 2008, shale gas extraction activities have grown exponentially due to the development of economically feasible and advanced horizontal drilling techniques, accounting for 30 % of the United States' natural gas production in 2011. It is expected to be nearly half (49 %) of total gas production by 2035 (USEIA 2012; Vengosh et al. 2013 ).
Natural gas generates lower levels of particulates, sulfur dioxide, mercury, and other pollutants, and reduces up to 45 % of carbon dioxide per unit of energy compared to coal (Kharaka et al. 2013 ). However, new drilling and fracturing technologies used for shale gas production have raised environmental concerns related to air and water quality, including methane migration, contaminant transport, water use, wastewater discharge, and surface spills (Vidic et al. 2013 ).
One of the major concerns regarding shale gas extraction activities is the potential contamination of drinking water resources, such as groundwater and surface water, through poorly constructed well casings, accidental surface spills or methane migration from the production zone to the aquifer. Fracturing fluids are a critical component of the stimulation and completion practices, and contain organic and inorganic chemicals such as potassium carbonate, sodium chloride, citric acid, guar gum, ethylene glycol, sodium carbonate, borate salts, acid, petroleum distillate, and isopropanol (Rahm 2011) . Therefore, the fluids usually have high total dissolved solids (TDS)-up to 300,000 mg/ L of mainly chloride and sodium, followed by calcium, magnesium, potassium, sulfate, barium, strontium, and bromide (Neff et al. 2011) .
One of the key issues associated with fracturing practices is methane gas migration and its origins (Gorody et al. 2005; Osborn et al. 2011; Molofosky et al. 2011 Molofosky et al. , 2013 . Methane is colorless, odorless, tasteless, and not a health hazard when inhaled and digested, but it is explosive and flammable when methane concentration in water is greater than the solubility of methane in water, 28-30 mg/L, or when methane in air exceeds the lower explosive limit (LEL), 5 % by volume in air (USGS 2006 (USGS , 2012 . Concentrations of methane between 10 and 28 mg/L (3 and 5 % by volume in air) can also be dangerous because methane concentrations might increase to explosive levels (Eltschlager et al. 2001 ).
Methane originates from two different mechanisms: biogenic methane generation from microbial decomposition of organic matter at a relatively shallow depth; and thermogenic, which produces methane at depths of greater than 1,000 m under high temperature and pressure. There is a substantial debate on possible increase in thermogenic methane due to the creation of connectivity between deep and shallow formations (Floodgate and Judd 1992; Vengosh et al. 2013) .
The Colorado Oil and Gas Conservation Commission recently implemented Rule 609 that requires groundwater monitoring before and after drilling, using the periodic grab sampling methods followed by laboratory analysis. The current sampling and lab analysis for TDS and methane measurements requires labor and time, and the results provide only a snapshot in time. Real-time groundwater monitoring was suggested as means of filling the gap in the data between periodic sampling events. A project was initiated in the Denver-Julesburg basin of northeast Colorado to install real-time, continuous monitoring of groundwater in close proximity to existing and future oil and gas activity. Measurements of actual potential contaminant streams (produced fluids and methane) were considered infeasible due to cost and operational considerations. Instead, a strategy of monitoring contaminant surrogate parameters was being pursued.
Based on the well-known relationship of TDS to electrical conductivity (EC) and a study by Atekwana et al. (2004) , which showed a strong correlation between TDS and EC in an aquifer contaminated with hydrocarbons, this study proposed EC as a surrogate for elevated TDS that would be expected if produced fluids contaminate low-TDS fresh water. TDS contamination itself is not of concern but this would be an indication of produced fluid intrusion into the aquifer, including potentially hazardous compounds associated with it. Previous studies have shown positive results for oxidation-reduction potential (ORP) as a surrogate for dissolved methane in groundwater. This result was likely explained as the CO 2 -CH 4 couple beginning to dominate solution redox conditions. Recent studies have shown strong correlations when methane concentrations are [5 lg/L (Darling and Gooddy 2006; Ioka et al. 2011) .
The research described in this paper was designed to assess the relationships between produced water and the correspondingly high TDS and the proposed surrogate, EC. In addition, potential dissolved methane surrogates ORP and DO were studied for applicability to the real-time monitoring system.
Methods

Experimental design
Bench scale experiments were designed to test correlations between TDS in produced water and EC, between methane and ORP, and between methane and DO at the laboratory scale (Fig. 1) .
Surface water from Horsetooth Reservoir, located next to the laboratory at the Engineering Research Center (ERC) of Colorado State University in Fort Collins, USA, was used for the experiments.
For the TDS surrogate experiment, two continuous flow experiments were performed. Produced water (PW) was collected from two active oil and gas wells in Weld County, CO, and concentrations of TDS in the PWs were measured using USEPA method 160.1 (USEPA 1979) . TDS concentrations of the two PWs, PW 1 and PW 2, were 25,500 and 34,400 mg/L, respectively, mainly from chloride (56-60 %) and sodium (36-38 %) ( Table 1) .
With surface water, the two collected PWs flowed through the system of each experiment at a constant flow rate of 0.15 mL/min for 2 h, using a peristaltic pump with flow capabilities between 0.06 and 580 mL/min (Masterflex Cole-Parmer, USA).
PW and surface water inflow was mixed using a propeller mixer in the 16-L reactor at room temperature. Outflow EC was automatically measured by a real-time EC sensor, OTT ecoLog 800 (OTT Hydromet, Germany), and the data were saved every minute during the tests. Outflow water samples were collected in 40 mL serum bottles every 5 min for the first 10 min then every 10 min, cooled to 4°C, and analyzed within 7 days.
The experimental set-up for the methane surrogate test consists of methane gas (99.9 %), surface water, a 16-L reactor, and multi-detection real-time sensors. Methane gas (99.9 %) was saturated using a gas diffuser (Corning, Tewksbury, USA) by bubbling at a gas flow rate of 24 mL/ min, which is the lowest gas flow that can be achieved by a commercially available gas flow meter. For 12-28 h, the methane was allowed to saturate in the 16-L continuousstirred reactor in continuously flowing water at room temperature and atmospheric pressure. Once the surrogates were stabilized or the range of data fluctuation was assumed at steady or near steady state, the test was stopped.
Different water flow rates (300, 500, 580, and 2,300 mL/min) were used to adjust reactor methane concentrations using two automatic peristaltic pumps. Each pump had different flow capacities: 0.06-580 mL/min and 0.06-2,300 mL/min (Masterflex Cole-Parmer, USA).
Outflow water quality parameters, including ORP, EC, DO and pH, were measured in real time with water temperature using a multi-sensor probe, Hydrolab MS5 (Hach Hydromet, USA), and the data were saved every minute. For further methane analysis, outflow samples at near steady state were carefully collected and completely filled in 20-mL serum bottles, so as not to create bubbles. Samples to be analyzed for methane were kept at 4°C and analyzed within 14 days.
Background tests and sample analysis
Background tests were conducted for 3 days prior to each experiment to stabilize the sensors under the same condition as described above, with the exception of contaminants
Sample Collection
For TDS analysis such as PW and methane. Water quality parameters, such as ORP, EC and pH, collected at the background tests were compared with the results from the experiments. Collected outflow samples from the TDS surrogate tests were transferred in a cooler to the USEPA approved laboratory, and TDS were measured using USEPA method 160.1 (USEPA 1979) . Methane concentrations in the outflow of the methane surrogate tests were analyzed using a gas chromatography flame ionization detection (GC-FID) method (USEPA method RSK-175), which has a detection limit of 10 lg/L (USEPA 2004).
Data analysis
Water quality data collected for an hour immediately before each experiment were used as background data. The background data and the experimental data were compared, and differences between the datasets were tested for significance using multivariate analysis at the 0.001 significance level. All statistical data analysis was performed using SPSS v.20 (IBM Corp., USA). Multivariate correlation and covariance test and a general linear regression model were used to evaluate relationships between contaminants: TDS and methane, and tested surrogates.
A period of steady state during the methane surrogate experiments was reevaluated by linear regression and statistical analysis methods suggested by Yum and Peirce (1997) , then distributions of two datasets, background data and steady state data, were compared to investigate possible surrogates that could detect shifts of methane concentrations in water.
Results and discussion
EC as a surrogate for PW/TDS contamination
In the first continuous flow test of the TDS surrogate experiment (Fig. 2a) , where PW 1 was used as a contaminating source of TDS, the mean EC of the background test conducted prior to the experiment was 81.8 lS/ cm with a standard deviation of 0.39 at water temperature of 22.5 ± 0.13°C. Both at the beginning of the experiment and immediately after it, the PW contained high concentrations of TDS (34,400 mg/L) and was flowing into the system at a low flow rate of 0.15 mL/min. In less than a minute EC increased to 84 lS/cm, which is three times as much as the standard deviation of the background mean and is out of range of the background data distribution.
The second experiment used PW 2 (Fig. 2b) , whose TDS concentration of 25,500 mg/L is lower than PW 1. During this second experiment, EC was raised to 88 lS/cm after 5 min, which is above the range of background EC (l = 85.57 lS/cm; r = 0.52).
The EC value then gradually increased by time during both the first and second TDS surrogate experiments and reached 204 and 131 lS/cm, respectively, within 2 h.
In order to avoid temperature effects on EC, water temperature during the tests was maintained either within the range of the background test's water temperature or below the mean background water temperature (Hayashi 2004) .
Concentrations of TDS in samples collected after 5 min of the first and second tests increased to 89 mg/L from 82 and to 27 mg/L from 26 mg/L, and further increased to 200 and 59 mg/L, respectively, at the end of the tests.
Strong correlations between TDS and EC were obtained from both experiments. The R 2 values of a linear regression model of the data from two experiments were 1 and 0.99 for both relationships between TDS and EC, and between TDS and percent volume of PW in outflow.
From the detection limit estimation method suggested by the American Chemical Society (MacDougall et al. 1980) experiments, or \1 mg/L of changes in TDS concentrations in water can be detected by EC. The TDS concentrations of PW1 and PW2 that were used for this study were in the range of typical PW TDS concentration (5,000-300,000,000 mg/L), but the concentrations were much lower than mean TDS concentration of typical PW (Table 1) . Concentrations of the most abundant ions, chloride and sodium, in PW1 and PW2 were less than typical ranges of mean concentrations of chloride (46,100-141,000 mg/L) and sodium (23,000-57,300 mg/ L) (Neff et al. 2011) . Therefore, the typical PW having higher TDS concentration would show even lower detection limits than the detection limit that was found in this study.
Methane surrogates
The dissolved methane concentrations started at a low water flow rate of 300 mL/min, and after 11 h of methane gas contact with flowing water it reached an average (l) of 6.04 mg/L. At that point there was a standard error (SE) of 0.14, which had the maximum dissolved methane concentrations of 6.24 mg/L. ORP and DO logarithmically decreased as dissolved methane concentrations increased during the first 11 h, and then stabilized and reached a near steady state.
Dissolved methane concentrations from collected outflow samples and the possible surrogates ORP and DO, when measured at the same time that outflow samples were collected, appeared to be negatively correlated. Correlations were significant, at r = -0.896 and r = -0.917, respectively, at the significance level of 0.01 using multivariate correlation analysis based on Pearson's correlation coefficient (Table 2) . Conductivity (74.61 ± 0.014 lS/cm) had weak correlations with dissolved methane concentrations, but pH (7.67 ± 0.002) showed a positive strong correlation (r = 0.588) at a significance level of 0.05 in Experiment 1.
The average of ORP data during background conditions was 328.5 mV with the standard deviation of 0.5 (n = 60) and the range of 326.7-330.5 mV, and the average ORP data during steady state were 323.8 mV with the standard deviation of 0.39 (n = 672) and the range of 322.3-325.4 mV. Distributions of two groups of ORP data did not overlap each other and therefore it was significantly different (p \ 0.0001).
Distribution of DO data during background condition had the average of 4.86 mg/L with low standard deviation at 0.06 (n = 60) and the range of 4.66-5.12 mg/L while the DO average during steady state was 3.65 mg/L and the standard deviation was 0.1 (n = 672) with the range of 3.23-4.07 mg/L. DO data distributions of background conditions and of steady state were separate and significantly different, as in the ORP results in Experiment 1.
From these results, both ORP and DO have shown the ability to detect shifts in methane concentrations in water, when the saturated dissolved methane concentrations are 6.04 ± 0.14 mg/L.
In Experiment 2, dissolved methane concentrations increased logarithmically and reached a steady state within 18 h, while ORP and DO decreased logarithmically. Dissolved methane concentrations at a steady state were 4.6 ± 0.16 mg/L (l ± SE) with the continuous inflow water rate at 500 mL/min. Strong negative correlations with dissolved methane concentrations from samples collected at the outflow stage of the experiment were found at ORP (r = -0.951) and DO (r = -0.983), and a strong positive correlation (r = 0.756) was found in pH (7.59 ± 0.002) at a significance level of 0.01 (Table 2) . At a steady state, the average ORP data was 266.1 mV and the standard deviation was 0.34 (n = 450) and the range of 264.8-267.5 mV. Background ORP data collected prior to Experiment 2 had an average of 278.6 mV with a standard deviation of 0.5 (n = 60) and the range of 276.6-280.6 mV.
Background DO data distribution was narrow with the standard deviation of 0.01 and the average of 4.74 mg/L (n = 60) with the range of 4.70-4.77 mg/L, and steady state DO data had an average of 3.04 mg/L and a standard deviation of 0.09 (n = 450) with the range of 2.70-3.39 mg/L. Both ORP and DO data at steady state were statistically different from the background or control conditions (p \ 0.0001).
Dissolved methane concentrations at a steady state reached 2.5 ± 0.33 mg/L (l ± S.E.) in Experiment 3 after 7 h of experiments with the maximum concentration of 2.65 mg/L. Correlations of methane with ORP and DO were strong at r = -0.963 and r = -0.973, respectively, and pH level also had a strong correlation with methane at r = -0.779, with the average pH of 7.52 ± 0.003 (l ± SE) at the significance level of 0.01 (Table 2) . EC showed a strong positive correlation (r = 0. 57) at the significance level of 0.05. ORP and DO had averages of 270.9 mV and 3.89 mg/L, respectively, at a steady state with standard deviations of 0.73 and 0.20, respectively (n = 480), and the range of 268.0-273.8 mV and 3.10-4.67 mg/L, respectively.
Average backgrounds of ORP and DO were 279 mV and 4.74 mg/L, respectively, with standard deviations of 0.73 and 0.20, respectively (n = 60), and the range of 278.2-279.8 mV and 4.66-4.82 mg/L, respectively. Distributions of both ORP and DO at a steady state and in background conditions do not overlap and are statistically different (p \ 0.0001), but DO data distributions of the two groups, background conditions and steady state, are closer than previous experiments.
Water flow rate was further increased to 2,300 mL/min to reduce dissolved methane concentrations at a steady state with a fixed gas flow rate of 24 mL/min in Experiment 4. Steady state conditions were achieved in 2 h, and the average dissolved methane concentration was 0.69 mg/ L with the standard error of 0.04.
Unlike the previous experiments, correlation between methane and DO was not strong (r = -0.181), but ORP (r = -0.769) and pH (r = -0.741) showed strong correlations with methane at a significance level of 0.01 (Table 2) , where pH was 6.8 ± 0.015, during the experiment. ORP averages at steady state (n = 782) and in background conditions (n = 60) were 344.8 and 374.7 mV, respectively, with standard deviations of 5.06 and 1.09, respectively, and the range of 324.6-365.1 mV and 6.20-7.18 mg/L, respectively.
Distributions of ORP data at steady state and in background conditions were separate and significantly different (p \ 0.0001). However, distributions of DO at a steady state and in background conditions, which had averages of 6.69 and 6.64 mg/L, respectively, and standard deviations of 0.12 and 0.02, respectively, and the range of 370.3-379.0 mV and 6.57-6.71 mg/L, respectively, overlapped. Using multivariate analysis based on MANOVA, two groups of DO data were also statistically different at the significant level of 0.0001, but Linacre (1996) reported that any difference between means will be statistically significant when samples are large, and recommended discovering how much the distributions overlap, although statistical analysis found significance between the distributions. Therefore, it is difficult to conclude that DO is able to detect methane concentrations changes from background conditions when saturated methane concentrations are 0.69 ± 0.04 mg/L. Dissolved methane concentrations reached 0.30 ± 0.03 mg/L (l ± SE) after 2 h in Experiment 5 using the same water and gas flow rates as Experiment 4. Although the experiment did not reach a steady state, according to the linear regression analysis for evaluating steady state conditions (Yum and Peirce 1997) , ORP and DO decreased from background conditions and ORP fluctuated with a standard deviation of 4.19 with an average of 313.3 mV and the range of 296.5-330.1 mV.
Correlation of ORP with dissolved methane concentrations were strong at r = -0.588 and r = -0.70, respectively, at the significance level of 0.01 (Table 2) .
Background ORP data had an average of 332.9 mV with a standard deviation of 0.53 and the range of 330.8-335.0 mV. Distributions of ORP data at steady state and background conditions were significantly different, but the DO distribution with an average of 5.93 mg/L and standard deviation of 0.09 and the range of 5.55-6.30 mg/L, was not statistically different than background (average 6.05 mg/L, standard deviation of 0.03, range of 5.93-6.17 mg/L).
The range of parameters, including ORP, DO, pH and EC, measured during five experiments remained in the range that can be found in surface water and groundwater (Table 2) .
Conclusion
The objective of this study was to assess surrogates for potential contaminants so that changes in water quality from the baseline could be detected. It was not an aim of the research to estimate exact methane concentrations in water from the surrogate. Monitoring changes in TDS and methane concentrations of an aquifer is necessary to detect changes in water quality that might be a result of industrial or agricultural activity. Electrical conductivity showed a strong correlation with TDS as well as produced water, fracturing fluid, and the capability to sense increases in small TDS concentrations (\1 mg/L). With dissolved methane concentrations, general negative correlations were observed in ORP and DO, but other measured parameters, such as pH, and EC, have not shown a general tendency. A strong correlation was consistently observed between dissolved methane concentrations and ORP in all conducted experiments in various ranges of dissolved methane concentrations, while DO had strong correlation with higher methane concentrations in water.
Using a distribution analysis, ORP was effective at resolving changes in dissolved methane levels even when the concentration was as low as 0.30 mg/L. The ability of DO to detect methane concentration changes was acceptable with higher concentrations ([2.5 mg/L CH 4 ) under conditions where DO is available. Groundwater conditions will vary from these experimental conditions but the data from this study provides a basis for using EC and ORP as surrogates in a real-time monitoring system for potential contamination of groundwater wells.
